Cross-sectional magnetic resonance imaging (MRI) studies of cortical thickness and volume have shown age effects on large areas, but there are substantial discrepancies across studies regarding the localization and magnitude of effects. These discrepancies hinder understanding of effects of aging on brain morphometry, and limit the potential usefulness of MR in research on healthy and pathological age-related brain changes. The present study was undertaken to overcome this problem by assessing the consistency of age effects on cortical thickness across 6 different samples with a total of 883 participants. A surface-based segmentation procedure (FreeSurfer) was used to calculate cortical thickness continuously across the brain surface. The results showed consistent age effects across samples in the superior, middle, and inferior frontal gyri, superior and middle temporal gyri, precuneus, inferior and superior parietal cortices, fusiform and lingual gyri, and the temporo-parietal junction. The strongest effects were seen in the superior and inferior frontal gyri, as well as superior parts of the temporal lobe. The inferior temporal lobe and anterior cingulate cortices were relatively less affected by age. The results are discussed in relation to leading theories of cognitive aging.
Introduction
In magnetic resonance imaging (MRI) studies, there is consensus that higher age is associated with reduction of brain volumes, including the cerebral cortex, as well as expansion of the ventricular system (Jernigan et al. 1991; Pfefferbaum et al. 1994; Blatter et al. 1995; Sullivan et al. 1995 Sullivan et al. , 2004 Murphy et al. 1996; Raz et al. 1997; Courchesne et al. 2000; Resnick et al. 2000; Good et al. 2001; Jernigan et al. 2001; Raz, Gunning-Dixon, et al. 2004; Salat et al. 2004; Taki et al. 2004; Allen et al. 2005; Fotenos et al. 2005; Walhovd et al. 2005; Kruggel 2006 ). However, cumulative evidence also indicates that brain aging is not uniform, and significant heterogeneity of age effects is observed across brain regions (Raz et al. 1997 (Raz et al. , 2005 Good et al. 2001; Jernigan et al. 2001; Raz, Gunning-Dixon, et al. 2004; Salat et al. 2004) . Unfortunately, interpretation of this heterogeneity is complicated by inconsistency among results (Raz and Rodrigue 2006) . The aim of the present study was to address this problem by testing the consistency of age effects on cortical thickness across 6 samples from 4 different research groups.
Studies using manual drawing of regions of interest (ROIs) on MRI scans have especially shown age effects on frontal cortices, with significant but more moderate age effects in the temporal, parietal, and occipital association areas. In contrast, the primary sensory (especially visual) cortices seem largely preserved (Raz, Gunning-Dixon, et al. 2004; Allen et al. 2005; Raz and Rodrigue 2006) . New automated and semiautomated segmentation techniques have enabled studies of age effects continuously across the cortical mantle without manually defining ROIs. This facilitates comparison of results across studies. In such studies, there is consensus that age effects are strong in frontal or prefrontal areas (Good et al. 2001; Sato et al. 2003; Salat et al. 2004; Taki et al. 2004; Brickman et al. 2007; Raz, Rodrigue and Haacke 2007; Abe et al. 2008; Kalpouzos et al. 2008) , in line with findings from manual morphometry studies (Raz and Rodrigue 2006) . However, in contrast to most manual studies, several investigations using automated/semiautomated methods find that the occipital lobes are negatively affected by age (Sato et al. 2003; Salat et al. 2004; Taki et al. 2004; Abe et al. 2008; Kalpouzos et al. 2008) . Moreover, most have demonstrated age effects on parietal cortex (Good et al. 2001; Salat et al. 2004; Brickman et al. 2007; Abe et al. 2008) , and around the central sulcus (Good et al. 2001; Salat et al. 2004) , although the exact localization of the effects vary.
Age effects on the anterior cingulate cortex (ACC) have been found to be inconsistent between studies using automated/semiautomated techniques. In some studies Abe et al. 2008) , ACC thickening has been found, whereas ACC preservation or reduction with age has been found in others (Good et al. 2001; Tisserand et al. 2002; Brickman et al. 2007; Vaidya et al. 2007; Kalpouzos et al. 2008) . In manual investigations, only mild or no age differences have been found in the ACC (for a review, see Raz et al. 2000) . Automated/semiautomated studies have also reported discrepant results within the prefrontal cortex. Some have found sparing of the medial orbitofrontal cortex ), whereas others have reported age effects throughout most of the anterior part of the brain (Taki et al. 2004; Abe et al. 2008) . It is unclear whether such discrepancies are method or sample dependent, although studies comparing different methods have suggested that the former is likely (Tisserand et al. 2002; Kennedy et al. 2008) .
The temporal lobes and especially medial-temporal regions are involved in memory processing, and have received much attention in research on normal and pathological aging (Braak and Braak 1985; Mesulam 1999) . Temporal cortical thinning has been observed in mild cognitive impairment and Alzheimer's disease (AD) (Dickerson, Feczko, et al. 2008; Fjell et al. 2008) . Relative sparing of temporal ) and parahippocampal (Raz et al. 1997; Raz, Gunning-Dixon, et al. 2004; Salat et al. 2004 ) cortices has been found in healthy aging, and the entorhinal cortex has been found to be relatively less affected by age than other cortical regions (Good et al. 2001; Raz et al. 2005) . However, other studies have found temporal cortical thinning in healthy aging also (Sato et al. 2003; Taki et al. 2004; Brickman et al. 2007; Abe et al. 2008 ). Volume reductions accompanied by volume increases in different parts of the temporal cortex have also been observed (Kalpouzos et al. 2008) . Longitudinal age-related shrinkage of the entorhinal cortex was identified in 1 study (Du et al. 2006) , whereas others have found that such atrophy was limited to persons with relatively poor, though normal cognitive performance Rodrigue and Raz 2004; Raz et al. 2008) . Notably, no correlations of entorhinal volume with age were found at baseline in these studies. Targeting morphometric effects in the temporal lobe with a newly developed semiautomated technique, another study found that entorhinal and perirhinal, but not posterior parahippocampal cortices, were reduced in volume with age (Dickerson, Feczko, et al. 2008 ). This could be attributed mainly to reduction of the surface area rather than thickness of the cerebral cortex.
Although, as reviewed above, well-established patterns of age effects exist, significant discrepancies are observed across samples (for a review, see Raz and Rodrigue 2006) . Such between-study variability complicates interpretation of the findings. Multiple reasons have been invoked to explain the discrepant results, and at least 3 seem to be of great importance. First, the differences in methodology of image processing may contribute to variance in the results (Tisserand et al. 2002; Kennedy et al. 2008) . Second, characteristics of participants may contribute to interstudy heterogeneity through uncontrolled differences in health and genetic endowment. Finally, although the sample sizes employed appear quite large, they still may be insufficient to detect subtle differences in age effects on specific cortical regions.
The present study was designed to address these problems. We applied a uniform semiautomated method of cortical thickness measurement yielding thickness estimates continuously across the entire cortical mantle to a large sample of healthy adults recruited from multiple populations. The data include 6 samples (3 from the United States, 2 from Norway, and 1 from Sweden) drawn from 4 research centers, with a total of 883 participants. The data were analyzed both samplewise and pooled. The principal aim was to examine the consistency of age effects on regional cortical thickness across samples. This was done to test which cortical areas consistently underwent age-related thinning or thickening, and which areas were differentially affected by age in different samples.
For measurement of cortical thickness, FreeSurfer software, freely downloadable from http://surfer.nmr.mgh.harvard.edu/, was used (Center for Biomedical Imaging, Charlestown, MA). This approach provides reliable measures of cortical thickness continuously across the whole cortical mantle without manually defining ROIs. Although automated methods may have some undesirable features, such as resolution loss in registration of morphologically different brains to a common stereotactic space, and the need for smoothing, they have several advantages over manual methods. First, they require minimal intervention by highly trained personnel and allow processing of many brains in a reasonable time frame. Second, they are characterized by very high reliability and repeatability of measures. Third, they allow a hypothesis-free search for patterns of differences without the need to define anatomically plausible ROIs, enabling detection of differences in regions where precise anatomical definitions and placement of anatomical borders would not be feasible.
Materials and Methods

Samples
The details of each of the 6 samples are described in Table 1 , where key publications and sample selection criteria are indicated, and in (Blessed et al. 1968) ; CDR, clinical dementia rating (Berg 1984 (Berg , 1988 Morris 1993) ; GDQ, Geriatric Depression Questionnaire (Auer and Reisberg 1997) ; RH, right handed; WASI, Wechsler Abbreviated Scale of Intelligence (Wechsler 1999 Supplementary Table 1 . The total number of participants was 883, with an age range of 75 years (18--93 years). All samples were screened for history of neurological conditions. Even though subclinical effects of pathological processes cannot be ruled out without follow-up data, it is likely that effects can largely be attributed to the influence of nondemented aging. Twenty-two participants were excluded due to bad scan quality, including overfolding, MR artifacts, errors during data transfer or saving, converting errors, or deviant signal intensity in the MRI images. Most of these scans were possible to process, but were deemed not to be of sufficient quality to yield valid results. Included in these 22 were a small number of participants that were excluded due to white matter (WM) abnormalities. We find it unlikely that excluding this small number of problematic scans bias the data.
MR Acquisition
All participants were scanned on 1.5T magnets, but from 2 different manufacturers (Siemens, Erlangen, Germany; General Electric CO [GE], Milwaukee, WI), and 4 different models (Siemens Symphony Quantum, Siemens Sonata, Siemens Vision, GE Signa). With the exceptions of the data from sample 4 and 5, all the samples were from different scanners.
All participants within each sample were scanned on the same scanner. T 1 -weighted sequences were acquired (3D magnetization prepared gradient-echo (MP--RAGE) for the Siemens scanners, and 3D spoiled gradient recalled (SPGR) pulse sequences for GE. Slice thickness were between 1.25 mm (samples 4 and 5) and 1.5 mm (sample 1), with acquisition matrices of 256 3 192 (samples 1, 3, and 6) or 256 3 256 (samples 2, 4, and 5). For 4 of the samples (samples 1, 2, 4, and 5), multiple scans were acquired within the same scanning session, and averaged to increase the signal-to-noise ratio (SNR). The detailed sequences used are presented in Table 2 . Examples of scan quality from each sample are presented in Figure 1 .
Cortical Thickness Analyses
Cortical thickness measurements were obtained by reconstructing representations of the gray/white matter boundary (Dale and Sereno 1993; Dale et al. 1999 ) and the cortical surface, and then calculating the distance between these surfaces at each point across the cortical mantle. This method uses both intensity and continuity information from the entire 3D MR volume in segmentation and deformation procedures to construct representations of cortical thickness. The maps are created using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal intensity. The maps produced are not restricted to the voxel resolution of the original data and thus are capable of detecting submillimeter differences between groups (Fischl and Dale 2000) . This has been validated using histology and MR (Rosas et al. 2002; Kuperberg et al. 2003 ). Rosas and colleagues (Rosas et al. 2002) have shown that processing of MR images of autopsy brains gave cortical thickness estimates within ±0.25 mm of those obtained using neuropathologic methods and were statistically indistinguishable. Thickness measures may be mapped on the ''inflated'' or ''semi-inflated'' surface of each participant's reconstructed brain Fischl et al. 1999) , allowing visualization of data across the entire cortical surface without interference from cortical folding. Maps were smoothed using a circularly symmetric Gaussian kernel across the surface with a full width at half maximum (FWHM) of 15 mm and averaged across participants using a nonrigid high-dimensional spherical averaging method to align cortical folding patterns . This procedure provides accurate matching of morphologically homologous cortical locations among participants on the basis of each individual's anatomy while minimizing metric distortion, resulting in a measure of cortical thickness for each person at each point on the reconstructed surface. Statistical comparisons of global data and surface maps were generated by computing a GLM of the effects of each variable on thickness at each vertex. In addition, by use of a validated automated labeling system Desikan et al. 2006) , the cortex was divided into 33 different gyral-based areas in each hemisphere, and mean thickness in each was calculated (see Supplementary Fig. 1 ).
The thickness estimation procedure is automated, but requires manual checking of the accuracy of the spatial registration and the WM and gray matter (GM) segmentations. The types of errors that most often require user intervention are insufficient removal of nonbrain tissue (typically dura in superior brain areas) and inclusion of vessels adjacent to the cortex (especially, in the temporal lobes). In addition, if large field inhomogeneity exists, small parts of WM may mistakenly be misclassified as GM, thus obscuring the GM/WM boundary. These types of errors are limited in spatial extension, typically seen in a minor area of the brain in a few slices, but are nevertheless routinely corrected by manual interventions. However, some researchers argue that manual interventions are not always necessary, and have shown that cortical thickness can be estimated reliably across field strength, scanner upgrade and manufacturer without any manual intervention (Han et al. 2006) , showing reliable correlations with cognitive function (Dickerson, Feczko, et al. 2008; Dickerson, Fenstermacher, et al. 2008 ).
Statistical Analyses
First, general linear models (GLMs) were used to test the relationship between age and cortical thickness at each vertex across the entire cortical mantle in each sample separately, with effects of sex regressed out. To handle the problem of multiple comparisons in neuroimaging data, false discovery rate (FDR) < 0.05, was applied to threshold the initial data. However, because widespread and robust effects were expected, results were also presented with higher P value thresholds (P < 10 -3 to 10 -9
) to better visualize where the effects of age on cortical thickness were strongest. In addition, the degree of overlap between results from the different samples was calculated based on the number of samples in which each of the P value thresholds was reached for each surface vertex. This information was color coded and projected onto a template brain. To present the reader with numerical information, correlations with mean thickness in each of the 33 cortical regions (mean of left and right hemisphere) as well as the results of 1-way ANOVAs (F-statistics) are included as supplementary information.
Next, all samples were included simultaneously in 1 GLM. The effect of age, with the main effect of sample regressed out, and the age 3 sample interaction, were modeled. The results are presented both at FDR < 0.05, and P < 10 -15 to 10 -25 (uncorrected). Post hoc regression analyses from selected regions of interest (ROIs) were performed to investigate the basis of between-samples variation in age effects. Finally, to test whether nonlinear effects of age could be identified, the GLMs were repeated with both age and age 2 included as regressors.
Results
Widespread age differences in cortical thickness were observed across samples. However, the magnitude of effects varied among samples and brain regions. For illustration purposes, mean thickness for each point on the cortical surface for 3 age groups (young, middle-aged, and older adults) is presented in Figure 2 .
Results of the GLM analyses of age differences in cortical thickness are shown in Figure 3 . When FDR < 0.05 was used as threshold, it was clear that age was associated with thinning of the cortex across almost the entire brain surface. Still, for 3 of the samples (samples 4--6), bilateral thickening in the medial frontal cortex, including anterior cingulate gyrus, was seen. The age effects were generally smaller in sample 3 than in the other samples, but even in that sample, thinning appeared most prominent in the prefrontal regions, and the overlap among the Figure 2 . Mean cortical thickness in 3 age groups. Mean thickness in each hemisphere for the age groups \40 years, 40--60 years, and [60 years are color coded and projected onto an inflated template brain for better visualization of effects buried in sulci. Note that the participants from all the samples are pooled together in each of the age groups, with no corrections for scanner or sample.
samples was generally substantial. Using a P value scale from 10 -3 to 10 -9 (uncorrected) allowed inspection of regionally differential effects. The frontal cortices, that is, superior and inferior frontal gyri, were among the areas most strongly affected by age across all samples. Age did generally have more moderate effects on the medial-temporal cortices (parahippocampal and entorhinal), although some thinning was seen in 4 of the samples. Lateral inferior parts of the temporal lobes were among the best preserved in 4 of the samples. Superior parts of the lateral temporal lobes were more affected by age than the inferior parts. When the higher P value threshold was used, the thickening in the medial frontal cortex was only seen in samples 4 and 5, and only for the left hemisphere. In addition to these analyses, region-based analyses are presented in Supplementary Table 1 . Here, correlations between age in each subsample and for the total sample are shown, along with corresponding F values for age group based ANOVAs.
The degree of overlap between the studies is shown in Figure 4 . When effects were seen in 5 or all 6 samples for a given area, it was regarded as an area with consistent age effects. When effects were seen in none or one of the samples, it was regarded as an area of preservation. When FDR < 0.05 was used, large areas showed consistent age effects across studies, especially frontal cortices, where effects were seen in superior, middle, and inferior frontal cortices in all 6 samples. Also superior and middle temporal gyri were affected in all samples, as were also fusiform and lingual gyri, and the temporoparietal junction. The occipital lobe and entorhinal cortex were affected by age in 4 of the samples, whereas the inferior temporal lobe and anterior cingulate were generally spared. Effects in the right precuneus were found in 4 of the samples, and in all or 5 of the samples in the left. When the threshold was increased to P < 10 -6 (uncorrected), the frontal lobes (superior and inferior frontal gyrus) stood out as related to age in 5 of the samples. Superior parts, especially posteriorly, of the temporal lobes were also relatively prone to effects of age, although there was some variability between samples and between different parts of the gyri.
Next, the effect of age on cortical thickness was tested with all samples pooled together, and the effect of sample regressed out. A movie of the continuous reduction of thickness is presented in Supplemental Material 1, and the statistical results are presented in Figure 5 . With FDR < 0.05 as threshold, negative effects of age on cortical thickness were seen across the entire cortical mantle. Thus, the scale was increased to P < 10 -15 to 10 -25
. The pattern of effects mimicked the results from the analyses of the separate samples. The strongest age effects were found in the superior, middle, and inferior frontal gyri, and in the superior temporal gyri as well as the superior parts of the middle temporal gyri. Further, the temporoparietal junction was also very prone to the effects of age, as were the pericalcarine cortex, fusiform and lingual gyri. Medial parts of the temporal lobes, as well as precuneus, were relatively more preserved, as were the post-and precentral gyri, superior parietal gyri, and the occipital lobe. The effects appeared symmetrically distributed across hemispheres.
The interaction effect of sample 3 age on cortical thickness was modeled and the results are presented in Figures 6 and 7 . With a threshold of FDR < 0.05, several areas showed sample 3 age interactions. These were mostly overlapping with areas of large age effects across studies. To investigate the basis of the interaction effects further, 5 ROIs were drawn on the inflated template brain surface. These were guided by areas of large sample age 3 interaction effects, and mean thickness in each ROI was calculated. As can be seen from the scatter plots (Fig. 7) , the interaction effects are mainly due to different rates of estimated agerelated declines across samples. None of the ROIs showed positive relationships with age. In 2 ROIs, the inferior and Figure 5 . Age effects in the total sample. The figure shows the effects of age on cortical thickness when all samples were included in the same analysis (n 5 883), with main effect of sample regressed out. In the second row, a higher P value threshold was employed. Even with a P value threshold of 10 À25 , large effects were seen in several areas. Figure 4 . Consistency across samples. The number of samples in which a statistical effect was reached is color coded and projected onto a semi-inflated template brain. The first row depicts the results when a threshold of FDR \ 0.05 was used. As can be seen, age-related thinning of the cerebral cortex is seen in all or 5 of the samples across most of the brain surface. In the second and third row, higher P value thresholds were used.
superior frontal gyri, thickness correlated significantly with age in all samples, whereas in a third, the middle temporal gyrus, this was found for 5 of the samples. For these areas, there was variation in the strength of the relationships. For instance, correlations ranged from -0.51 to -0.75 for the superior frontal gyrus. Thus, sample 3 age interactions were to a large extent caused by differences in quantity, not quality, of the age-relationships. Two exceptions to this pattern were found. First, the left medial frontal cortex showed thickening with age in 3 of the samples, whereas relative preservation was found in the other samples. Second, interaction effects could be seen in inferior lateral temporal areas as well as the entorhinal cortex, which were due to thinning in some of the samples (i.e., samples 1, 2, and 5), with relative sparing or only small effects in the other samples. The same was true for the occipital lobe. Finally, we tested for presence of nonlinear (quadratic) relationships by repeating the GLM analyses with age and age 2 as simultaneous predictors. This analysis was run in each of the samples separately. In no case did age 2 yield significant effects (FDR < 0.05) on cortical thickness.
Discussion
The present study investigated age effects on the cerebral cortex across multiple large samples, providing a unique opportunity to assess degree of consistency. Because the same preprocessing procedures were performed for all brains, a significant component of interstudy variability was eliminated. Several conclusions can be drawn from the findings. First, advanced age was associated with widespread thinning of the cerebral cortex. When a commonly employed statistical threshold (FDR < 0.05) was used, thinning was observed across most of the cortical surface. Second, the magnitude of age differences in thickness varied across cortical regions. Age effects were strongest in the prefrontal cortex, especially in superior, lateral, and medial regions. The superior temporal gyri at the lower bank of the Sylvian fissure were also heavily Figure 6 . Sample 3 age interaction effects. The figure shows which areas of the cerebral cortex that were affected differently by age across samples. The color-coded areas represent significant age 3 sample interaction effects. Note that the areas which display age 3 sample interactions are the ones where the strongest age effects were found. affected. In contrast, inferior temporal, parahippocampal, and entorhinal gyri, anterior cingulate, paracentral gyrus and the precuneus, were relatively more preserved. Third, although there was generally good agreement among the different samples, some discrepancies were also observed. For example, in one of the samples (sample 3), the effects of age were weaker than in the other 5. Still, also in that sample, clear agerelated thinning was found in the prefrontal cortex. A puzzling finding was thickening of an area in medial prefrontal cortex that was observed in the 3 American but not in the 3 Scandinavian samples. Unstable results were also found in medial-temporal areas (parahippocampal and entorhinal gyri) and occipital cortices. Still, large areas were consistently affected across all or 5 of the 6 samples, that is, the superior, middle, and inferior frontal cortices, superior and middle temporal cortices, temporoparietal junction and pre-and postcentral gyri. Finally, nonlinear age effects were not observed within any of the samples.
Consistency of Effects of Age on Cortical Thickness
The degree of consistency of age-related differences in cortical thickness across samples depended on spatial location. Some regions, such as most of the lateral prefrontal as well as superior parts of the medial prefrontal cortices, showed agerelated thinning in virtually all samples, whereas others, such as the occipital cortices, were affected by age in some samples only. Further, inferior temporal cortices, including the entorhinal and parahippocampal cortices, were not consistently related to age across samples. However, the superior and middle temporal gyri showed consistent age effects. Motor cortex was related to age in 4--6 of the samples, depending on region. Age effects in these regions were also reported by Salat et al. (2004) . The ACC was not consistently prone to thinning with age, and showed increased thickness in some of the samples. Finally, parts of the medial orbitofrontal cortex showed preservation with age, both in American and Scandinavian samples. In addition to the inconsistencies evident from the P-thresholded statistics, interaction effects of sample 3 age on cortical thickness were also found in areas of consistent thinning (e.g., superior frontal gyrus). These effects were due to differences between samples in the magnitude of age effects, as illustrated in Figure 7 .
When all the samples were pooled together, age effects were seen across almost the entire brain surface. This indicates that if the number of participants gets high enough, global age effects are detected. Further, it indicates that data from different studies and scanners may increase the sensitivity to age effects, even in areas where consistency across samples is not impressive. For instance, age effects in inferior temporal areas (parahippocampal, entorhinal, inferior temporal gyri) were not seen consistently across samples, but thickness in these areas showed up as related to age in the analysis involving all the samples. Thus, it may be beneficial to pool data from different studies, samples, and scanners to increase the sensitivity of the tests employed.
As reviewed, previous studies have yielded partly inconsistent results. We found that when using identical approaches to data processing and analysis, there was generally good consistency across samples. Even though inconsistent results were found for some cortical regions, these inconsistencies were much smaller than what would have been expected from previous literature. A substantial part of the variability in previous reports may be due to one or more of at least 5 factors: 1) Different statistical analyses performed: The exact results obtained depend on the analytic strategy used, for example, which variables are corrected for. Differences in strategy may lead to inconsistent results. 2) Different demarcation criteria for ROI analyses: Automated segmentation approaches allow statistics to be done without predefined ROIs. This reduces the problem of different definitions of brain areas between studies. 3) Image quality: The image quality differs between studies, leading to different SNR and contrastto-noise ratio (CNR). In the present study, relatively consistent results, at least in some brain areas, were found across samples from different scanners and sequences. 4) Different segmentation procedures: The tools used to segment the MR scans into tissue classes, and the procedures used to spatially normalize the data, may have a huge impact on the results (Tisserand et al. 2002) . Of the studies using automated/semiautomated techniques reviewed in the introduction, the majority were based on voxel-based morphometry (VBM). In the present study, a surface-based approach was used, similar to the basic methods of Salat and colleagues . We believe that this approach has advantages compared with the traditional VBM method. FreeSurfer uses surface geometry in intersubject registration, which in our experience results in a better matching of homologous cortical regions. The target used for registration is the white matter surface geometry, which makes the registration invariant to morphometric changes in GM. Hence, the registration is the same even in case of GM atrophy, which is important when studying groups where this is expected, such as in aging and dementia. However, this approach will not be invariant to WM changes that correlate with changes in GM. The approach used also allows separation of the 2 components of volume (thickness and surface area). These do not necessarily follow each other (Dickerson, Feczko, et al. 2008) , and to be able to study each in isolation may increase both accuracy and sensitivity to brain changes. 5) Sample characteristics: Differences in sample characteristics may be an important source of discrepancies. For example, betweensample inconsistency observed with regards to age differences in occipital (pericalcarine) and medial-temporal (entorhinal) cortices may stem from sample-specific contribution of unmeasured vascular risk factors. A longitudinal study showed that unlike healthy adults, persons with known vascular risk, for example, hypertension, show shrinkage of the pericalcarine regions as well as proliferation of occipital white matter abnormalities (Raz, Rodrigue, Kennedy, et al. 2007) .
In the present study, factors 1, 2, and 4 were eliminated. Thus, the inconsistencies that were observed may be attributed to differences in scan quality between the samples or differences in sample characteristics. Even though all samples were well screened, it is certainly possible that unmeasured differences in somatic or psychological factors have influence on discrepancies between the samples. Also, the age range sampled may have affected the results. For instance, the age range in sample 3 is narrower than in the other samples, which may have contributed to the somewhat lower age correlations in this study. One could speculate that the 3 Nordic samples were more alike regarding culturally dependent factors, such as nutrition, education, and medical care, because health care and education are free in Norway and Sweden. However, this does not appear to be a major factor of influence here, because the findings for samples 1 and 2 (Norway) was very similar to the findings from samples 4 and 5 (United States). Further, level of education was fairly similar across the samples. Regarding scan quality, all samples but samples 3 and 6 were based on at least 2 T 1 runs that were averaged. Averaging of multiple runs may enhance the SNR/CNR, contributing to more valid and thickness estimates. This could contribute to the somewhat higher age correlations in these samples. However, it needs to be stressed that even though interaction effects were found, the general pattern of effects was highly replicable across the different samples.
Comparing automated and manual methods was not a goal of the study, but the regional distribution of the observed effects of age on cortical thickness corresponded quite well to the age differences reported in a previous study with manual volume measures. One dataset used in this study (sample 6) almost completely overlapped with the sample that has previously been used in a manual morphometry study (Raz, GunningDixon, et al. 2004) , where volume was calculated in 9 different cortical ROIs. The main results from that investigation are in good agreement with the findings from the present study although the overlap is not complete. Corresponding age effects were found for lateral prefrontal and orbitofrontal cortices, precentral gyrus, postcentral gyrus and fusiform gyrus, and no age differences in the anterior cingulate gyrus and the visual cortex were observed with either method. However, the previously reported age effect on parahippocampal gyrus and inferior temporal cortex was not found in the present analysis, and the present but not the previous study found an effect in the inferior parietal lobule. Still, an agreement this close is remarkable in the light of the manifest differences in segmentation approach, the ROI versus vertex-based statistics, the volume vs. thickness measures, and the fact that adjustments for body height/intracranial volume differed between the studies.
Effects of Age versus Aging
A limitation of the present study is that the estimates of agerelated changes are based on cross-sectional data. Thus, the observed effects reflect the influences associated with chronological age, not necessarily the process of aging. To assess individual variability in change requires a longitudinal design. Unfortunately, only a handful of longitudinal studies of regional brain changes have been conducted so far. Comparison of cross-sectional and longitudinal effects indicates that the latter sometimes reveal aging trends that would not be observed with a cross-sectional design alone (Du et al. 2006) . This means that cross-sectional studies, possibly due to the large interindividual variability in initial brain volumes, may underestimate real age changes. However, longitudinal data have also been found to largely agree with cross-sectional estimates (Resnick et al. 2003; Fotenos et al. 2005) . Longitudinal studies have methodological problems as well, e.g. selective drop out. Participants who are less healthy, less socioeconomically endowed, and prone to greater emotional distress are less likely to volunteer for multiple measurements, thus biasing estimates of change. Also, it is extremely difficult to collect longitudinal data comparable to the 6 decade range covered in most cross-sectional studies. Even relatively short follow-ups of 5--6 years are difficult to complete due to scanner changes and upgrades, which may affect the volumetric estimates (Han et al. 2006) . Thus, both cross-sectional and longitudinal designs remain necessary for studying the aging brain.
Implication of the Findings for Cognitive Aging: The Frontal Lobe Hypothesis
Although investigations of brain aging patterns are interesting in their own right, their primary importance is for advancing our understanding of the mechanisms underpinning adult cognitive development and aging. Previous studies have provided some evidence of associations between neuroanatomical age-related differences in specific regions and performance on specific age-sensitive cognitive tasks. For instance, smaller prefrontal cortices seem to predict poorer performance on age-sensitive tests of executive functions (Raz et al. 1998; Gunning-Dixon and Raz 2003) and other cognitive operations dependent on executive control (Head et al. 2008) . This is in line with neuropsychological studies showing that executive functions, which heavily depend on frontal neural circuits (e.g., fronto-striatal circuits), are among the cognitive functions to decline most with advancing age (Connelly et al. 1991; Schretlen et al. 2000) . Previous research, as well as the present findings, support the selective vulnerability of the prefrontal cortex in aging. This fits the socalled ''last in, first out'' hypothesis, according to which the brain areas that are latest to develop phylogenetically and ontogenetically are the first to be affected by aging. An important aspect in the frontal lobe theory of aging is the assumed reduced efficiency of the executive function inhibition (Connelly et al. 1991) , for example, as assessed by the Stroop task (but see Rabbitt et al. 2001) . In functional MRI studies, the center of activation in such tasks is typically within the anterior cingulate gyrus (Bush et al. 2000) . However, the present results indicate that this area of the prefrontal cortex is relatively spared. Thus, there is no simple correspondence between morphometric age-related changes in prefrontal cortex and reduced inhibition in aging.
Relatively weaker effects were seen in parahippocampal and entorhinal gyri, which are affected early in the AD disease process (Braak and Braak 1991) . Taken together with the findings of frontal morphometric reductions, this fits with a proposal of a double dissociation between AD and healthy aging. According to this theory, early AD selectively attacks the medial-temporal lobes and adjacent cortical areas, leading to memory problems, whereas an anterior to posterior gradient exists in healthy aging, causing executive problems . Still, reduced memory function is seen also in healthy aging (Craik and Jennings 1992) , and memory complaints are common in elderly, reported by up to 50% of people aged 64 and over (Reid and Maclullich 2006) . Thus, because recollective memory also depends on frontal cortical structures (Craik and Grady 2002) , it is possible that reduced memory function in healthy aging is related to the morphometric changes observed in these brain areas (West 1996) .
Limitations An important limitation of MRI studies of aging is the maximum CNR that can be achieved. Lower CNR will decrease the accuracy of the thickness estimation, and will probably vary across the cortical surface (Han et al. 2006) , for example, due to some areas with higher degree of myelination than other, as in visual areas (Braitenberg and Schuz 1991) . Also, the narrow separation between putamen or hippocampus and the adjacent cortical GM may cause a problem in finding the GM/WM surface around the insular and entorhinal cortical regions, which may again increase the variability of the thickness estimates (Han et al. 2006) . If this is not systematically related to age, it will probably reduce the age-relationships observed. If it is systematically related to age, it may falsely enhance or create age-relationships. Future research efforts should try to estimate to what extent regional differences in age correlations can be attributed to regional differences in CNR. The problem of varying CNR across the cortex affects all segmentation techniques. Another question regards the need for smoothing of data, which can reduce noise and thus improve reliability of the thickness estimates (Han et al. 2006) , at the cost of lower spatial resolution. Han and colleagues have shown that thickness measurement variability becomes smaller as smoothing level increases (Han et al. 2006) . The current smoothing level of 15-mm FWHM will be sufficient to reduce thickness measurement variability by at least 50%. By use of manual methods, smoothing would not be necessary. However, thickness cannot be reliably measured by manual methods, because both the localization and the orientation of the white and pial surfaces must be known for proper measurements to be obtained (Fischl and Dale 2000) .
Conclusion
The present study shows that age-related differences in cortical thickness are widespread and robust, and are especially strong in the superior and inferior frontal gyri and in the superior temporal cortices. These findings were obtained from data from 6 different samples, from 3 countries, and with use of scanners from 2 manufacturers. The automated approach employed in this study appears a reliable method to boost the statistical power of the studies of brain aging and to improve generalizability of the findings across various populations. It is concluded that consistent effects of age are likely to be found when the segmentation techniques employed are standardized across samples and studies.
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